NarX-NarL and NarQ-NarP are paralogous two-component regulatory systems that control Escherichia coli gene expression in response to the respiratory oxidants nitrate and nitrite. Nitrate stimulates the autophosphorylation rates of the NarX and NarQ sensors, which then phosphorylate the response regulators NarL and NarP to activate and repress target operon transcription. Here, we investigated both the autophosphorylation and dephosphorylation of soluble sensors in which the maltose binding protein (MBP) has replaced the amino-terminal transmembrane sensory domain. The apparent affinities (K m ) for ADP were similar for both proteins, about 2 M, whereas the affinity of MBP-NarQ for ATP was lower, about 23 M. At a saturating concentration of ATP, the rate constant of MBP-NarX autophosphorylation (about 0.5 ؋ 10 ؊4 s ؊1 ) was lower than that observed for MBP-NarQ (about 2.2 ؋ 10 ؊4 s ؊1 ). At a saturating concentration of ADP, the rate constant of dephosphorylation was higher than that of autophosphorylation, about 0.03 s ؊1 for MBP-NarX and about 0.01 s ؊1 for MBP-NarQ. For other studied sensors, the published affinities for ADP range from about 16 M (KinA) to about 40 M (NtrB). This suggests that only a small proportion of NarX and NarQ remain phosphorylated in the absence of nitrate, resulting in efficient response regulator dephosphorylation by the remaining unphosphorylated sensors.
In Escherichia coli, anaerobic respiratory-gene expression is regulated by the dual-two-component regulatory system, NarX-NarL and NarQ-NarP (28) . The paralagous sensors NarX and NarQ are histidine protein kinases (HPKs) that autophosphorylate in response to nitrate and other signals (7, 19, 27, 33, 40) . These sensors control the phosphorylation state of the paralogous NarL and NarP response regulators (8, 27, 30, 37) . Phospho-NarL and phospho-NarP bind to target operon control regions to regulate transcription (9) . During anaerobic growth, this dual-two-component system establishes hierarchal control of gene expression to utilize nitrate in preference to other anaerobic electron acceptors (13, 27) .
The NarX and NarQ proteins share three characteristic modules: sensory, central, and transmitter (32) . The sensory module includes the periplasmic domain, which is delimited by two transmembrane helices. The periplasmic domain contains the conserved P box element (18 residues), which is involved in sensing nitrate (7, 40) . The sensory module also contains a HAMP linker and a signaling helix, both of which are involved in signal transduction (1) (2) (3) . Little is known about the central module, and its function remains enigmatic.
In general, transmitter modules include both a DHp (dimerization and histidyl phosphotransfer) and a CA (catalytic and ATP-binding) domain (11) . The DHp domain consists of the H and X box sequence motifs and contains the conserved autophosphorylated histidyl residue. The CA domain consists of the N, D, F, and G box sequence motifs (also termed N, G1, F, and G2, respectively), which form the nucleotide binding pocket. In conventional transmitters, the CA domain contains all four motifs, where the region between the F and G boxes forms the ATP lid and the conserved glycyl residues of the D and G boxes possibly provide hinges for lid mobility (4, 10, 21, 26, 31, 44) . The NarX and NarQ transmitter sequences are in HPK subfamily 7 as defined by Grebe and Stock and Wolanin et al. (14, 42) , in which the F box is absent, the distance between the D and G boxes is reduced, and two of the three conserved glycyl residues of the G box are not present.
NarX autophosphorylation has been documented in vitro for native protein, either enriched in membrane vesicles (19, 40) or solubilized by detergent (37) . Autophosphorylation in vitro has also been studied for truncated forms of NarX and NarQ reconstituted from inclusion bodies (8, 30) . In this investigation, we prepared soluble forms of the proteins by replacing the amino-terminal sensory module with maltose binding protein (MBP) to characterize the kinetics of autophosphorylation and dephosphorylation. The kinetic values obtained indicate that the apparent affinity for ADP is high for phospho-MBPNarX and phospho-MBP-NarQ in comparison to other HPKs, and the rate constants for dephosphorylation are significantly higher than for autophosphorylation. Therefore, only a low proportion of MBP-NarX and MBP-NarQ remain phosphorylated due to the higher efficiency of ADP-stimulated dephosphorylation. ) with shaking at 200 rpm. For plasmid selection, TY broth was supplemented with ampicillin (100 g ml
MATERIALS AND METHODS

Bacterial
Ϫ1
). All malE fusion plasmids were introduced into the E. coli host strain JM109 (43) . Culture densities were monitored with a Klett-Sumerson photoelectric colorimeter (Klett Manufacturing Co., New York, NY) equipped with a number 66 (red) filter.
DNA manipulation and strain construction. Fusion proteins are designated according the amino acyl residue of the sensor protein linked to MBP. MBPNarX 185 was constructed from a 2.5-kb PvuII-HindIII fragment of narX ϩ , which contains silent restriction sites introduced at nucleotide positions 550 and 1676 (41) , ligated into the StuI-HindIII sites of pMAL-c (39) . MBP-NarQ 182 was constructed from a 1.5-kb PvuII fragment of narQ ϩ (40) ligated into the StuI site of pMAL-c (39) .
Overexpression and protein enrichment. Strains containing malE-narX and malE-narQ expression plasmids were inoculated into 200 ml TY plus ampicillin. Expression was induced with 0.3 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) in the mid-exponential phase (between 30 and 40 Klett units), and incubation continued for 2.5 h. All procedures thereafter were performed at 4°C. Cells were harvested by centrifugation at 10,000 ϫ g for 10 min. The pellets were washed with suspension buffer (20 mM HEPES [pH 7.0], 200 mM KCl, 1 mM dithiothreitol [DTT] , and 5% [vol/vol] glycerol) and resuspended in the same buffer supplemented with 1 mM phenylmethanesulfonylfluoride. Cell suspensions were disrupted by passage through a French pressure cell at 20,000 lb/in 2 . Soluble and particulate fractions were separated by centrifugation (20,000 ϫ g for 30 min). The soluble fraction was subjected to affinity chromatography in a 25-ml column containing 3 ml amylose resin (New England Biolabs, Ipswich, MA) preequilibrated with suspension buffer. The column was washed with 30 ml of suspension buffer and then eluted with 10 ml of suspension buffer supplemented with 1 mM phenylmethanesulfonylfluoride and 10 mM maltose. The protein concentrations of the eluted fractions were determined by the method of Bradford (5) . The protein preparations were evaluated by electrophoresis through Laemmli gels (18) , which were stained with GelCode Blue Stain Reagent (Pierce, Rockford, IL) and analyzed with a FluorChem imaging system (Alpha Innotech, San Leandro, CA). For this study, protein preparations were stored in 50-to 100-l aliquots at 4°C, and autophosphorylation of MBPNarX 185 and MBP-NarQ 182 was reproducible for 2 to 3 weeks or 4 to 6 weeks, respectively. For the data presented here, a total of five different preparations were used for each protein. Recently, we found that MBP-NarX 187 and MBPNarQ 185 retained activity after at least 3 months of storage at Ϫ80°C.
Nucleotides. [␥- (20, 23, 24, 35) consisting of 1 mM phosphoenol pyruvate and 0.01 unit ml Ϫ1 pyruvate kinase was included with the standard buffer where indicated. Protein was first incubated with DTT (10 mM final reaction concentration) for 30 min at room temperature (ϳ25°C), followed by addition of the remaining standard buffer plus 30 nM [␥- 32 P]ATP to initiate the reaction. Reaction samples were withdrawn at the indicated time intervals, mixed with stop solution, and visualized or quantified by filter binding as described below. The subsequent experiments used these conditions with modifications as noted.
Previously, Nar sensor autophosphorylation has been studied in reactions buffered with either Tris-HCl (pK a ϭ 8.1) at pH 8 (37, 40) or HEPES (pK a ϭ 7.5) at pH 8 (8, 19, 30 ) containing 5 to 10 mM MgCl 2 and 10% glycerol, conducted at or near room temperature. We evaluated these parameters for both MBPNarX 185 and MBP-NarQ 182 . We found that HEPES was the superior buffer, promoting approximately fivefold-higher autophosphorylation rates. Phospho-MBP-NarQ 182 accumulated at an approximately fivefold-higher rate at pH 7 than at pH 8, and the rate was intermediate at pH 7.5. By contrast, phospho-MBP-NarX 185 accumulated at similar rates at both pH 7 and 8 (data not shown). Therefore, we used pH 7.0 as the standard condition.
Glycerol stimulated autophosphorylation by two to threefold, as assayed by Laemmli gel electrophoresis (data not shown), so we included 10% glycerol in the standard assay. We used 19°C for all reactions to ensure temperature consistency.
Early experiments suggested that the two sensors exhibited different preferences for divalent cation, so we evaluated this point in a number of experiments using several different protein preparations. Consistently, phospho- DTT stimulated accumulation of phospho-MBP-NarX 182 by approximately twofold but had little effect on phospho-MBP-NarQ 185 , as assayed by Laemmli gel electrophoresis (data not shown). Therefore, we included 10 mM DTT as the standard condition. The NarX transmitter module contains four Cys residues, whereas the NarQ transmitter module contains two.
Dephosphorylation. To prepare phosphorylated sensor proteins, autophosphorylation reactions (150-l volumes) were performed as described above for 6 min without the addition of an ATP-regenerating system. The reaction mixtures were then filtered four times through Microcon YM-50 filtration devices (Millipore, Bedford, MA) to remove residual [␥- For TLC, cellulose polyethyleneimine plates (J. T. Baker, Phillipsburg, NJ) were first soaked in deionized water, followed by methanol, and then air dried right before use. Reaction samples (2.5 l) were added to 2.5 l stop solution after 5 min and spotted onto the plate. The plates were developed in a solution containing 1 M LiCl and 1 M acetic acid. After being air dried, the TLC plates were exposed to a phosphorimager screen for 1 h. Both Laemmli gel and TLC plate images were analyzed using a Storm Scanner with ImageQuant Software (Molecular Dynamics, Cupertino, CA).
Filter-binding quantification of labeled protein.
The following procedure was adapted from studies of the NtrB-NtrC (NR II -NR I ) two-component system (16) . Time point samples (5 l) were taken from the autophosphorylation and dephosphorylation assays described above and added to 200 l stop solution (20 mM HEPES, pH 7.0, 100 mM EDTA, 0.01% [vol/vol] SDS) with a 1:10,000 dilution of blue dye (food coloring) to mark the slot locations. The blue dye at this dilution did not affect the stability of the labeled proteins (data not shown). Nitrocellulose membranes (Bio-Rad, Hercules, CA) were soaked in 20 mM HEPES [pH 7.0], with 500 mM NaCl and then placed in the Bio-Dot SF (Bio-Rad) apparatus attached to a vacuum. The membranes were vacuum dried, and each slot was equilibrated with 100 l stop solution. The reaction samples in stop solution were blotted onto the membranes, vacuum dried, and washed with 0.1 M Na 2 CO 3 (200 l/slot). The membranes were removed from the Bio-Dot SF apparatus and washed three times in 0.1 M Na 2 CO 3 to remove excess [␥-32 P]ATP. The membranes were air dried and first visualized by exposure to a phosphorimager screen to ensure slot uniformity (data not shown). The individual slots were then cut and counted by liquid scintillation (Ready Protein; Beckman Coulter, Fullerton, CA). The specific activity of radiolabeled ATP was determined by counting 10 l of 1:100 and 1:1,000 dilutions of the remaining reaction mixtures directly by liquid scintillation. The levels of phosphosensor were expressed as nmol or pmol of incorporated phosphorus per total amount of protein. All protein concentrations were expressed as monomers.
Kinetics. For autophosphorylation, the standard buffer contained an ATPregenerating system to reduce the effects of ADP. Data were collected as three or four time point samples (5 l) at 30-s intervals from 0 to 60 s or 90 s for the initial rates. For each sample, the measured level of phosphosensor was multiplied by the dilution factor of unlabeled ATP added to 30 nM [␥-the apparent affinity for ATP (K mATP ) from the x intercept and the apparent k from the y intercept.
For dephosphorylation, data were collected as two or three time point samples (5 l) at 30-s intervals from 0 to 30 s or 60 s for MBP-NarX 185 and as three or four time point samples (5 l) at 30-s intervals from 0 to 60 s or 90 s for MBP-NarQ 182 . The rates were measured by dividing the slopes of the initial time points by the amounts of phosphorylated protein measured at time point zero. The final dephosphorylation rates were then calculated by subtracting the intrinsic dephosphorylation rates (time points 0 to 60 s) from the ADP-stimulated dephosphorylation rates. A Lineweaver-Burk plot was used to estimate the apparent affinity for ADP (K mADP ) from the x intercept and the apparent Ϫk from the y intercept.
RESULTS
MBP-NarX and MBP-NarQ proteins. NarX and NarQ are both intrinsic membrane proteins and therefore must be solubilized by detergent for purification (37) . The amino-terminal sensory module contains the transmembrane helices, whereas the central and transmitter modules are cytoplasmic. Previously, amino-terminally truncated forms of NarX and NarQ were produced as histidine-tagged proteins, but they accumulated as inclusion bodies and had to be reconstituted by treatment with 8 M urea (8, 30) . Therefore, to obtain soluble forms, we replaced the amino-terminal module with MBP, which increases the solubility of linked protein domains (38) . Our constructs, made by S. B. Williams (39) , employed a junction similar to that used for the histidine-tagged proteins (30) . For NarQ, a native PvuII site spanning codons 181 to 182 within amphiphilic helix AH1 of the HAMP linker was used as the fusion point. For NarX, a PvuII site was introduced at the corresponding position, spanning codons 184 to 185 (41) . The resulting fusion proteins, designated MBP-NarX 185 and MBPNarQ 182 , contain virtually the entire cytoplasmic portions of these sensors, including much of the HAMP linker, the signaling helix, and the central and transmitter modules.
We monitored both soluble and particulate fractions from crude extracts of overexpression cultures and found that the MBP fusion proteins partitioned approximately equally between the two. We made no attempt to recover protein from the particulate fractions. Soluble fractions were subjected to affinity enrichment as described in Materials and Methods, and the protein obtained remained soluble during storage. Results for typical preparations are shown in Fig. 1A . Proteins migrated as expected according to their calculated molecular masses (MBP-NarX 185 , 87 kDa, and MBP-NarQ 182 , 84 kDa). In general, MBP-NarX 185 preparations were highly enriched for the desired protein with only negligible contaminating species detected by staining (Fig. 1A, lane 1) . By contrast, MBP- NarQ 182 preparations routinely displayed a higher-mobility contaminating species, which we presume resulted from proteolysis (Fig. 1A, lane 2) . This higher-mobility species constituted approximately 20% of the total protein in most preparations, as estimated from gel images (see Materials and Methods). However, it was not observed in assays for autophosphorylation (Fig. 1B, lane 2) and therefore is enzymatically inactive. Accordingly, we normalized the measured levels of phospho-MBP-NarQ 182 by 20% to account for this inactive species in calculations of specific activity. Autophosphorylation with ATP regeneration. In a previous study of native NarX autophosphorylation in crude vesicles, ATP concentrations as low as 3 M resulted in inefficient accumulation of phospho-NarX (40) . Following on observations with the NtrB (NR II ) and CheA HPKs (16, 35) , we hypothesized that ADP, both as a contaminant in the ATP used and also generated by autophosphorylation, causes rapid dephosphorylation of phospho-NarX. To examine this, we first analyzed the effects of ATP regeneration (16, 35) on the accumulation of phosphorylated sensors incubated in 30 nM [␥-32 P]ATP with 100 M unlabeled ATP (Fig. 2) . These experiments used 5 M and 4 M (normalized) concentrations of MBP-NarX 185 and MBP-NarQ 182 active monomers, respectively. The results are expressed as nmol of incorporated phosphorus per mol total protein for comparison. In the absence of ATP regeneration, phospho-MBP-NarX 185 and phospho-MBP-NarQ 182 accumulated for only 10 min (Fig. 2) . In the presence of ATP regeneration, phosphosensor accumulation was significantly higher in the first 10 min and continued to increase for at least 60 min. The fractions of phosphorylated monomers were approximately 10% for MBP-NarX 185 and 15% for MBP-NarQ 182 during the 2-h incubation time.
Autophosphorylation rates for MBP-NarX 185 and MBPNarQ 182 in the presence of ATP regeneration increased as a function of the protein concentration over a range of 2 to 8 M, indicating that ATP (100 M) was provided in excess (data not shown).
Dephosphorylation. As described above, we observed that dephosphorylation for both phospho-MBP-NarX and phospho-MBP-NarQ proteins was due to ADP. To determine the mechanism of this dephosphorylation, we used TLC to examine the form in which 32 P was released from the phosphorylated sensors. The results indicated that, upon addition of 5 M unlabeled ADP, both sensors dephosphorylated by transferring the phosphoryl group to ADP, forming [ 32 P]ATP (Fig.  3) . Dephosphorylation decreased upon replacing divalent cation (Mg 2ϩ plus Mn 2ϩ ) with 5 mM chelator, EDTA (Fig. 3) . Effects of different ATP and ADP concentrations. In Fig. 2 , the autophosphorylation reactions were performed using a mixture of labeled and unlabeled ATP. Previously, it was shown that addition of unlabeled ATP resulted in the rapid loss of NarX-32 P (19) . We wanted to determine if this was due to contaminating ADP. Autophosphorylation reactions were performed with the addition of increasing concentrations of unlabeled ATP after 4 min in the presence or absence of ATP regeneration (Fig. 4 ). An initial [␥-
32 P]ATP concentration of only 30 nM was included to allow accumulation of labeled protein while minimizing the effects of ADP produced during the time span of the reaction. With phospho-MBP-NarX 185 , addition of ATP to final concentrations as low as 10 M resulted in the loss of label (Fig. 4A) . With phospho-MBPNarQ 182 , loss of label was observed upon addition of 100 M ATP (Fig. 4C) . When ATP regeneration was included in the reactions, no significant loss of label was observed for either protein ( Fig. 4B and D) . (The levels of labeled protein in the presence of ATP regeneration did not continue to increase after the addition of unlabeled ATP due to dilution of the [␥-
32 P]ATP.) This indicates that the instability of phosphorylated sensors after the addition of unlabeled ATP is a result of dephosphorylation by contaminating ADP. Since only 30 nM of ATP was used to initiate the reactions in Fig. 4 , it is possible that the ATP concentration may be limiting compared to the 100 M of ATP used in Fig. 2 .
To determine the ADP concentration that would cause net dephosphorylation, we performed autophosphorylation reactions as described in the legend to Fig. 4 but instead added different concentrations of unlabeled ADP (Fig. 5) . With phospho-MBP-NarX 185 , addition of ADP to a final concentration as low as 1 M resulted in the loss of label (Fig. 5A) . With phospho-MBP-NarQ 182 , a significant loss of label was observed with 10 M ADP (Fig. 5B) . This further suggests that the loss of phosphorylated protein observed during autophosphorylation is due to the sensitivity of phospho-MBP sensor to low concentrations of ADP.
Autophosphorylation and dephosphorylation kinetics. Finally, we analyzed the kinetics for both the forward (autophosphorylation) and reverse (dephosphorylation) reactions. The data were interpreted according to a simplified reaction mechanism where autophosphorylation and dephosphorylation rate constants are designated k and Ϫk, respectively. Initial reaction rates were obtained as described in Materials and Methods. The results from representative single experiments are shown in Fig. 6 , and summary data averaged from three independent replicates are presented in Table 1 .
The autophosphorylation rates were biphasic, displaying two distinct linear rates between 0 and 90 s (lower) and 90 and 180 s (higher) (data not shown). The kinetic values displayed in Fig. 6A and B and Table 1 represent the lower rates from the initial time points 0 to 90 s. These initial autophosphorylation rates began to saturate around 16 M ATP for MBP-NarX 185 (Fig. 6A ) and around 80 M ATP for MBP-NarQ 182 (Fig. 6B) . MBP-NarX 185 exhibited an approximately ninefold-greater affinity for ATP than did MBP-NarQ 182 , but k was approximately fourfold greater for MBP-NarQ 182 (Table 1) . For the higher autophosphorylation rates observed between 90 and 180 s (data not shown), MBP-NarX 185 displayed an average K mATP of 14 M ATP and an average rate constant of 3.0 ϫ 10 Ϫ4 s Ϫ1 . For MBP-NarQ 182 , the average K mATP was 86 M, with an average rate constant of 18 ϫ 10 Ϫ4 s Ϫ1 . We do not know the cause of the accelerated rates observed between 90 and 180 s.
Intrinsic dephosphorylation rates were measured by adding reaction buffer instead of ADP. Both proteins were dephosphorylated by approximately 20% after 3 min (data not shown). These intrinsic dephosphorylation rates were sub- tracted from the ADP-stimulated dephosphorylation rates to obtain the final values described below. For both proteins, rates of dephosphorylation began to saturate around 2.5 M ADP (Fig. 6C and D) , and the calculated values for K mADP were similar (Table 1) . However, Ϫk was approximately twofold faster for MBP-NarX 185 , indicating that it had a slightly higher rate of ADP-stimulated dephosphorylation than MBP-NarQ 182 . This is consistent with the different responses of the two phosphorylated proteins to added ATP and ADP observed in Fig. 4 and 5. Overall, both proteins exhibited higher rates of dephosphorylation, as well as a higher affinity for ADP observed with MBP-NarQ 185 . Therefore, MBP-NarX 185 and MBP-NarQ 182 appear to be more efficient in ADP-stimulated dephosphorylation, resulting in a low accumulation of phosphorylated protein.
DISCUSSION
The NarX and NarQ proteins autophosphorylate inefficiently at millimolar concentrations of ATP (19, 40) . Our goal for this study was to determine the reason for this, in order to develop optimized autophosphorylation conditions for future analysis of sensor-response regulator transphosphorylation reactions. The nonlinear accumulation of autophosphorylated MBP-Nar sensor proteins observed with low ATP concentrations was largely due to ADP, since an ATP-regenerating system greatly enhanced autophosphorylation (Fig. 2) . Indeed, the rate constants of the reverse reaction (Ϫk) were greater than those of the forward reaction (k) for both proteins, with differences of approximately 600-fold for MBP-NarX 185 and 60-fold for MBP-NarQ 182 per monomer at saturating nucleotide concentrations. Furthermore, the affinities for ADP were approximately 13-fold higher than for ATP with MBP-NarQ 182 (Table 1) . Thus, even low ADP concentrations were sufficient to inhibit accumulation of phospho-MBP-Nar sensors.
Autophosphorylation kinetics have previously been examined with several other HPKs (12, 15-17, 21, 25, 31) . For these proteins, values for ATP affinity and for phosphoryl transfer rate constants span a broad range ( Table 1 ). The correspond- per monomer (35) , roughly equivalent to the rate constants for the MBP-Nar sensors (Table 1) . Overall, the kinetic parameters for the MBP-Nar sensors are consistent with relatively efficient dephosphorylation even at low ADP concentrations.
We do not know if MBP-Nar sensor properties in vitro mimic native sensor behavior in vivo. By analogy to other sensors, we presume that Nar sensors adopt either of two conformations in vivo: a ligand-stimulated conformation, which autophosphorylates efficiently in order to catalyze response regulator phosphorylation; and an unstimulated conformation, which dephosphorylates efficiently in order to catalyze response regulator dephosphorylation (27) . Our working hypothesis is that the MBP sensors are biased toward the unstimulated conformation. This is based on extrapolated autophosphorylation and dephosphorylation rates of the MBP sensors with ATP and ADP pools of approximately 3,500 M and 100 M, respectively, during mid-exponential phase (6) . With these nucleotide concentrations, the rate of dephosphorylation for both sensors would be approximately 20-fold faster than the rate of autophosphorylation (34) , suggesting that the majority of both proteins would remain unphosphorylated and thereby stimulate phospho-NarL and phospho-NarP dephosphorylation. It should be noted, however, that nucleotide extraction methods may not accurately reflect available nucleotide pools (29) . In addition, other HPKs have displayed significant increases in autophosphorylation rates in the presence of their cognate response regulators (15, 16, 35) .
The NarX and NarQ transmitters represent a relatively minor sequence subfamily, termed HPK7 (14, 42) , which is characterized in part by the absence of an F box motif and an unconventional G box motif in the CA domain. For other transmitters, residues within these sequence motifs form the "ATP lid" element and make other contacts with ATP. For instance, the crystal structure of the PhoQ protein has revealed that residues of the ATP lid interact with the phosphates of the ATP analog, AMPPNP (21) . Furthermore, Ala substitutions in the G box motif of the EnvZ protein significantly decrease ATP binding (44) . In vitro autophosphorylation of other HPK7 members has been investigated. UhpB exhibited a relatively low affinity for ATP, with a K m of 250 M (36). In addition, a pulse of unlabeled ATP to a final concentration of approximately 1.7 mM with 32 P-labeled DegS resulted in only a modest loss of labeled protein (22) . In these studies, however, the affinity of phospho-UhpB or phospho-DegS for ADP was not measured. Therefore, we currently do not know whether the high affinity of MBP-NarX 185 and MBP-NarQ 182 for ADP results from the unconventional structure of HPK7 transmitters or reflects a more specific property of these Nar proteins. 
